k -restricted immunodominant epitope of hen egg white lysozyme (HEL), 52-61, has been used extenNaturally processed MHC class II-bound peptides sively to study TCR recognition (Allen et al., 1984 (Allen et al., , 1985 .
possess ragged NH 2 and COOH termini. It is not known
The putative MHC anchor residues for this epitope have whether these peptide flanking residues (PFRs), which been assigned by functional and binding studies as D52 lie outside the MHC anchor residues, are recognized and to a lesser extent I58 and R61, thus defining the by the TCR or influence immunogenicity. Here we anaminimal epitope as 52-61 ( Figure 1 ) (Allen et al., 1987 ; lyzed T cell responses to the COOH-terminal PFR of Nelson et al., 1996) . All T cells specific for this peptide the H-2A k immunodominant epitope of hen egg lysoare dependent on L56, since this is the only residue zyme (HEL) 52-61. Surprisingly, the majority of T cells in this sequence that differs between HEL and mouse were completely dependent on, and specific for, the lysozyme (ML) (Allen et al., 1987) . This amino acid has COOH-terminal PFR of the immunogen. In addition, therefore been defined as the primary TCR contact resithere were striking correlations between TCR V␤ usdue. Some TCRs require the conserved residues Y53 age and PFR dependence. We hypothesize that the and/or Q57 for effective recognition. However, T cell V␣ CDR1 region recognizes NH 2 -terminal PFRs, while dependence on these residues is variable, and so they the V␤ CDR1 region recognizes COOH-terminal PFRs.
are referred to as secondary contact residues. Of the Last, peptides containing PFRs were considerably four PFRs (S50, T51, W62, and W63), W62 is the only more immunogenic and mediated a greater recall reresidue that differs between HEL and ML ( Figure 1 ).
sponse to the HEL protein. These results demonstrate
Our previous studies have shown that certain murine that PFRs, which are a unique characteristic of pep-T cell hybridomas, which lack CD4, require the COOHtides bound to MHC class II molecules, can have a terminal PFR W62:W63 for recognition (Vignali and profound effect on TCR recognition and T cell function. Strominger, 1994a Strominger, , 1994b . Although peptides lacking These data may have important implications for pepthese residues failed to stimulate interleukin-2 (IL-2) setide-based immunotherapy and vaccine development. cretion, they did induce partial CD3 tyrosine phosphorylation, reminiscent of observations made with T cell Introduction clones anergized by altered peptide ligands (Sloan-Lancaster et al., 1994; Madrenas et al., 1995) . Furthermore, T cells can recognize antigenic peptides only in the the WW PFRs did not affect the affinity of HEL 48-61 context of major histocompatibility complex (MHC) class for H-2A k or MHC stability, as determined by floppy I or class II molecules (reviewed by Townsend and Bodmer, 1989; Chien and Davis, 1993) . Significant progversus compact dimer formation, suggesting that they ress has been made in the elucidation of MHC structure do not influence MHC structure (Nelson et al., 1993 , and the characterization of MHC-bound peptides (re-1994; Vignali and Strominger, 1994b) . The analysis of viewed by Rotzschke and Falk, 1992; Stern and Wiley, naturally processed, H-2A k -eluted peptides from HEL-1994) . MHC class I molecules require peptides for corpulsed B cells has shown that peptides can be generrect folding, and they form conserved interactions with ated both with and without these tryptophan residues the NH 2 -and COOH-terminal ends of the peptide (Town- (Nelson et al., 1992; Vignali et al., 1993 Vignali et al., ). send et al., 1990 Fremont et al., 1992; Latron et al., In the present study, we asked whether the TCR can 1992; Madden et al., 1992 Madden et al., , 1993 Matsumura et al., 1992) .
directly recognize PFRs and examined the consequence This intrinsic requirement is evident from both structural of this interaction on peptide immunogenicity, T cell and peptide elution studies and places strict constraints function, and repertoire selection. on peptide length (8-10 amino acids for the majority of peptides).
In contrast, MHC class II molecules are not dependent Results on peptides for folding, and their binding groove is open at both ends (Brown et al., 1993; Stern and Wiley, 1994;  PFRs Can Act as Dominant TCR Contact Residues T cell hybridomas were generated from HEL 48-63-immunized B10.BR mice and were selected according ‡ To whom correspondence and requests for reagents should be addressed (dario.vignali@stjude.org).
to their ability to respond to both the immunizing peptide A model of the HEL 48-63 peptide used in this study. The homologous murine sequence (ML) is also shown. The numbers refer to the HEL residues; ML residue numbers are one greater than the number shown. The dark shaded box encompasses the putative minimal MHC binding epitope, with arrows indicating residues that have been suggested to bind either the MHC or TCR molecules by functional studies (Allen et al., 1987; Nelson et al., 1996) . While there is strong evidence for R52 binding to the NH 2-terminal, P1 pocket of H-2A k molecules, it is unclear whether S60 or R61 binds to the COOH-terminal, P9/P10 pocket. The large arrow above L56 highlights the immunodominant residue for the peptide. The open boxes highlight the PFRs that we predict would be within the MHC groove by extrapolation from current MHC class II:peptide complexes Fremont et al., 1996) . and the native HEL protein (data not shown). All 34 hybridomas failed to produce IL-2 in response to the peptide analog HEL 48-L56A-63 (data not shown). This finding is consistent with previous studies demonstrating that L56 is a primary TCR contact residue for this epitope (Allen et al., 1987) . Surprisingly, two thirds of this panel (65%; 22 of 34) were also highly dependent on the PFR Figure 2 . Characterization of PFR-Dependent T Cell Hybridomas W62:W63, while the remaining third were completely T cell hybridomas generated from (A) HEL 48-63-immunized or (B) independent of these residues. For instance, the WW-48-61KK-immunized mice have a WW or KK prefix, respectively. The data represent IL-2 production in response to the peptides independent hybridomas WW148 and WW161 responded indicated in an antigen presentation assay and are the means of strongly to HEL 48-61 ( Figure 2A ). In contrast, the WWtwo or three experiments. Representative hybridomas that are either dependent hybridomas WW241 and WW245 failed to dependent or independent of the PFR, as determined by their reproduce any IL-2 with the highest concentration of HEL sponse to HEL 48-61, are shown. Hybridomas were also stimulated 48-61, even though they responded to low concentra- (Nelson et al., 1993, details of peptide specificity and function of all the T cell hybridomas 1994; Vignali and Strominger, 1994b) . It is noteworthy described in this study are available from the authors.
that the hybridomas were either completely dependent or independent of the PFR, with none showing a partial strongly to both the HEL.48-63.CAP and HEL.48-response to HEL 48-61.
61AA.CAP transfectants (Figure 2A ; righthand bars). Previous studies have shown that a relatively low perEven though these transfectants possessed ligand dencentage ‫)%1ف(‬ of MHC class II molecules are loaded sities substantially higher than conventional peptidewith peptides derived from either exogenous antigen or pulsed APCs, the WW-dependent hybridomas WW241 synthetic peptide . Thus, the inability and WW245 still failed to respond to HEL.48-61AA.CAP of WW-dependent hybridomas to respond to HEL [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] while responding strongly to the HEL.48-63.CAP transmay de due to low ligand density on the surface of the fectants ( Figure 2A ). None of the hybridomas responded antigen-presenting cell (APC). To examine this possibilto the HEL.48-L56A-63.CAP transfectants (data not ity, we produced APCs that expresses a single, defined shown). Thus, the WW-dependent hybridomas were MHC:peptide complex, resulting in a substantially higher completely unable to respond to HEL 48-61 regardless percentage of the MHC class II molecules loaded with of ligand density. a defined peptide (Kozono et al., 1994 Figure 3A) . Their response was comparable to that of the four WW-independent hybridomas tested. However, they failed to recognize the AW peptide, demonstrating that TCR recognition is focused toward W62. The tenth hybridoma, WW242, did not respond to either peptide analog and was thus affected by substitutions at both W62 and W63. Of note, W62 but not W63 differs between HEL and ML ( Figure  1 ). The lack of recognition of W63 may be due either to tolerance induction by the ML peptide or to the inaccessibility of the W63 residue.
In contrast, the KK-dependent hybridomas were affected by substitutions at both PFRs and displayed a more complex pattern of recognition ( Figure 3B ). One third of the hybridomas (34%; 11 of 32) did not respond to either the AK or the KA analog peptides and thus required both residues for recognition. Another third (34%; 11 of 32) were able to respond fully to only one of the two analog peptides, while the remaining third possessed a phenotype between these two extremes. No preference was observed between the two PFRs, since similar numbers of hybridomas responded to AK only (6 of 11) and KA only (5 of 11). Therefore, the TCR is equally capable of recognizing either of the two COOHterminal PFRs.
Taken together, these data argue against the possibility that the TCR is merely recognizing a peptide-induced dence demonstrating that complementarity-determining region 3 (CDR3) of the TCR, encoded by the V(D)J junction, interacts with the central peptide residues (Jorwere totally dependent on the lysine PFR. For instance, gensen et al., 1992; Garbozi et al., 1996; Garcia et al., while the KK-independent hybridomas KK11C2 and 1996) . Furthermore, recent studies have shown that KK6C6 responded strongly to HEL 48-61, the KK-depen-CDR1 and CDR2, which are encoded within the V redent hybridomas KK5C1 and KK6C3 failed to produce gions, can also recognize peptide residues in addition any IL-2 with the highest concentration of HEL [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] to the surrounding MHC molecule (Sant'Angelo et al., ( Figure 2B ). Again, these hybridomas were unable to 1996). We reasoned that PFRs, which are at the extremrespond to the HEL.48-61AA.CAP transfectants. In sumity of the MHC groove, would be recognized by the TCR mary, these data demonstrate the profound PFR depen-V region and thus result in skewed TCR usage. dence of the majority of hybridomas derived from HEL To test this notion, we first determined TCR V␣ and 48-63 or HEL 48-61KK immunized mice. Furthermore, V␤ gene usage by flow cytometry, polymerase chain these data suggest that PFRs can act as dominant TCR reaction (PCR), and DNA sequencing. Analysis of the contact residues.
TCR␣ VJ junctional sequence showed that only 3 of 29 WW-dependent and WW-independent hybridomas analyzed were identical (Table 1 and data not shown).
Recognition of C-Terminal PFRs Is Highly Specific
Using a panel of peptide analogs, we found that most Preferential usage of V␣4 and V␣11 was observed with both the WW-dependent and WW-independent hybridoof the hybridomas were highly specific for the PFRs of their respective immunogen (Figure 3 ). Only two WWmas. (Figure 4A ). However, no obvious correlation was noted between PFR dependence and V␣ gene usage. dependent and two KK-dependent hybridomas of the 28 tested (86%) responded to analog peptides containing In contrast, a dramatic segregation of TCR V␤ gene usage was observed ( Figure 4B ). A substantial proporamino acid substitutions of the PFR. This demonstrates that these hybridomas are highly specific for their retion of the WW-dependent hybridomas (80%; 18 of 22) were either V␤8.3 ϩ (7) or V␤14 ϩ (11), while two thirds of spective PFRs. TCR usage determined by flow cytometry, reverse transcription-PCR, and DNA sequencing as described in Experimental Procedures. Hybridomas are grouped according to their PFR dependency and specificity. Each group is ordered according to their sensitivity to the immunogen (in descending order). Three WW-dependent and two KK-dependent hybridomas that were found to be identical to those listed are not shown. WW142 and WW133 have identical amino acid sequences but distinct DNA sequences. *V␣11.2 and V␣11.1/6 defined by recognition by RR8.1 (V␣11.1, 11.2 b,d ), which appears not to recognize V␣11.4. †WW241 has two in-frame TCR␣ chains; this hybridoma is KT65 ϩ KT50 Ϫ (each antibody recognizes a subset of V␣8 TCR); the expression of V␣16.1 is unknown.
‡Subfamily member is either 8.6, 8.8, 8.12, or 8.13 . §Unique amino acid and DNA sequence distinct from other V␣4 family members with Y89F, thus designated V␣4.13.
the WW-independent hybridomas (66%; 8 of 12) were data suggest that the TCR V␤ domain may lie over the COOH terminus of the peptide. either V␤8.2 ϩ (4) or V␤16 ϩ (4). Further analysis of TCR V␣ and V␤ usage revealed preferential usage of J␣26 Finally, we asked whether the HEL 48-61KK-specific hybridomas also exhibit a similar segregation of TCR with V␣11 but only when paired with V␤14 (Table 1) . J␣26 may be required either to allow efficient pairing usage. There clearly was a preferential usage of certain V␤ elements among KK-dependent versus KK-indepenbetween V␣11 and V␤14 or to facilitate appropriate positioning of V␤14 for recognition of the WW PFR. Taken dent hybridomas ( Figure 4D ). Among the KK-independent hybridomas, most expressed either V␤1, V␤8.1, or together, these data reveal a strong correlation between PFR dependence and TCR V␤, but not V␣, usage.
V␤8.2 (87%; 13 of 15). In contrast, all of the V␤6 ϩ (7), V␤8.3 ϩ (6), V␤13 ϩ (3), and V␤14 ϩ (5) hybridomas were Next, we asked whether the secondary TCR contact residues, Y53 and Q57, could influence TCR usage and KK dependent (66%; 21 of 32). Why do both WW-and KK-dependent hybridomas use V␤8.3 and V␤14? There thus provide further evidence for the orientation of the TCR:MHC class II interaction. The only correlation found are three possible explanations. First, these residues are recognized by TCR V␣. However, no correlations was between dependence on Q57 and TCR V␤ usage ( Figure 4C 3). Second, TCR V␣ may alter the position of TCR V␤, cells among the CD4 ϩ T cell population following restimulation with either the immunogen or HEL 48-61. Subthus allowing for specific recognition of either the WW or KK PFR. Third, different residues in CDR1␤ recognize stantially higher percentages of T cells from HEL 48-63-, 48-61KK-, and 48-61EE-immunized mice (43%, 58%, the WW and KK PFRs. In summary, these data show that different PFRs mediate the selection of T cells exand 45%, respectively) were reactivated (CD25 ϩ ) in response to their respective immunogens than T cells from pressing distinct TCR V␤ elements, supporting the notion that the TCR directly recognizes PFRs.
HEL 48-61-immunized mice (29%) ( Figure 5B ). Furthermore, only 16%-26% of the T cells from HEL 48-63-, 48-61KK-, and 48-61EE-immunized mice could be rePFRs Potentiate T Cell Responses Given the high percentage of T cell hybridomas that activated with HEL 48-61. Similar results were obtained when CD69 expression was used as a measure of reactiwere dependent on PFRs, we reasoned that peptides possessing such residues might be more immunogenic.
vation (data not shown). These data confirm the hybridoma data and suggest that more than half of the T cells To test this possibility, B10.BR mice were immunized with either HEL protein, HEL 48-63, or HEL 48-61, and generated were dependent on PFRs (dependent on WW, 41%; KK, 54%; and EE, 63%). Formal frequency analysis lymph node T cells were tested for their ability to proliferate in response to all three immunogens ( Figure 5A ). will need to be performed to establish whether PFRs increase the size of the available precursor population. Three important observations were made. First, HEL 48-63 was as potent an immunogen as the HEL protein.
The T cell response to HEL 48-61 is focused on L56, since this is the only central peptide residue that differs However, T cells from mice immunized with HEL 48-61 responded poorly to their immunogen. Second, mice between ML and HEL and is thus referred to as the immunodominant residue (Figure 1 ). Because leucine immunized with HEL or HEL 48-63 generated a much stronger recall response to 48-63 versus 48-61, while residues form relatively weak hydrophobic interactions, we questioned whether weak interactions with central the response to the two peptides was identical in HEL 48-61-immunized mice. The former was also observed peptide residues promoted TCR recognition of PFRs.
To address this question, the L56 residue was substiin C3H.HeJ mice (data not shown). Third, the recall response to HEL protein with T cells from HEL 48-63-tuted for an arginine residue, since positively charged amino acids are known to be favored by the TCR. Mice immunized mice was almost as good as it was with T cells from HEL-immunized mice. In contrast, T cells from were immunized with L56R analogs of HEL 48-63 and 48-61 (e.g., DGSTDYGIRQINSRWW rather than DGS HEL 48-61-immunized mice responded very weakly to HEL. Taken together, these data indicate that PFRs en-TDYGILQINSRWW), and the proportion of cells that were dependent on PFRs determined. The data show that the hance peptide immunogenicity.
We next tested whether PFRs influence the proportion L56R replacement had little influence on PFR dependence: 41% of the L56-specific T cells and 38% of the of T cells generated following peptide immunization and expansion in vitro, and/or influence their ability to be R56-specific T cells were WW dependent ( Figure 5B ; righthand bars). Indeed, the presence of a positively reactivated. T cells from peptide immunized mice were expanded in vitro with the immunogen and rested for charged PFR (i. Figure  6A , bars labeled "other"). Of note, the absence of PFRs in HEL 48-61 led to the preferential expansion of V␤4 ϩ T cells. While it is difficult to compare the pattern of TCR V␤ elements observed in this assay with those expressed by the T cell hybridomas (Figure 4) , the most prominent TCR V␤ elements were observed consistently. Thus, WW-and KK-dependent T cells and hybridomas frequently use V␤14 and V␤6, respectively. Taken together, these data exemplify the dramatic influence that PFRs can have on TCR usage.
Finally, we asked whether the preferential expansion of T cells expressing particular TCR V␤ domains observed above correlated with functional dependence on PFRs. If so, only a portion of these cells would be expected to be reactivated with HEL 48-61. To test this, an experiment similar to that shown in Figure 6A was performed, except that the T cells were reactivated with either the immunogen or HEL 48-61 ( Figure 6B ). As previously shown, only HEL 48-61KK mediated the preferential expansion of V␤6 ϩ T cells. However, the percentage of T cells reactivated by HEL 48-61 was comparable characteristic not shared by MHC class I-bound peptides . This raises two important questions. First, what effect do PFRs have on TCR recognition, and second, do these residues influence pepthan HEL 48-63 (58% vs. 43%), whereas HEL 48-L56R-63 reactivated 5% fewer cells than HEL 48-63 (37% vs.
tide immunogenicity and/or T cell repertoire selection and function? 43%). Taken together, these data show that PFRs can have a significant effect on peptide immunogenicity.
Previous studies have shown that NH 2 -terminal PFRs can affect MHC class II stability, thus extending the We then asked whether the skewed TCR V␤ usage observed with the hybridomas could be reproduced with lifespan of the complex and prolonging T cell stimulation (Nelson et al., 1993 (Nelson et al., , 1994 . Our previous studies have bulk T cells from peptide-immunized mice. T cells from peptide-immunized mice were restimulated and rested shown that T cell function, in the absence of CD4, could be significantly affected by the truncation of COOHin vitro as detailed above and in Figure 5B . CD4 ϩ CD25 ϩ T cells reactivated with the immunogen were further terminal PFRs (Vignali and Strominger, 1994b) . More recently, residues flanking a measles virus fusion protein analyzed for TCR V␤ usage using a panel of monoclonal antibodies (see Experimental Procedures). The percentwere found to influence the responsiveness of some human T cell clones (Muller et al., 1996) . However, it age of T cells expressing each TCR V␤ chain was compared to the normal TCR V␤ distribution in B10.BR mice
was not clear what effect these residues had on MHC class II stability, and there were inconsistencies in the (48-61 in Figure 6A , horizontal dashed lines) and to the mean percentage of T cells reactivated with HEL 48-61 assignment of MHC binding residues when compared with the previously published DR1 motif (Rammensee (48-61XX in Figure 6A , horizontal solid lines). As expected, significant expansion of V␤8.2 ϩ T cells over noret al., 1995) . While all of these studies highlight the potential influence of PFRs on T cell function, it is still mal levels in B10.BR mice was observed with all of the peptides, confirming the close association between this unclear whether the TCR can directly recognize these residues and what the consequence of such an interac-V␤ domain and HEL 48-61:H-2A k reactivity. In contrast, each peptide clearly expanded T cells expressing a tion might be.
It has been suggested that MHC molecules loaded with synthetic peptides are antigenically distinct from those loaded with peptides derived from naturally processed protein . These findings could not account for our data, since the WW-dependent T cell hybridomas responded strongly to native HEL. We also tested the ability of WW-and KK-dependent hybridomas to respond to HEL mutants produced in bacteria, where the W62:W63 residues were replaced with either lysine or alanine. The WW-and KK-dependent hybridomas responded strongly to recombinant wild-type HEL or a HEL.W62K:W63K mutant, respectively, but did not respond to a HEL.W62A:W63A mutant (R. T. C. and D. A. A. V., unpublished data). Taken together, these data demonstrate that the hybridomas used in this study could not distinguish between synthetic peptides and the whole protein.
Could the data presented here be explained by HEL 48-61XX binding to H-2A k with a different register than 48-61? There are several reasons why this is unlikely. First, 48-63 and 48-61 both bind with similar affinities, and W62 does not affect affinity or MHC stability . Second, PFR-independent T cell hybridomas respond comparably to 48-63 and 48-61 ( Figure  2 ). Third, T cells induced by 48-63 also respond to HEL. Fourth, D52 is critical for binding to H-2A k , and so any shift in register is highly unlikely.
The data presented here demonstrate that PFRs have a profound effect on T cell function and repertoire selection. The majority of T cells, tested either as hybridomas or as T cell lines, were completely dependent on PFRs despite their ability to respond to low concentrations of peptide. We had previously observed such dependence on PFRs only in the absence of CD4 (Vignali and Strominger, 1994b ). However, all of the T cells used in the present study expressed CD4. Dependence on PFRs could be due either to direct recognition by the TCR or to alteration by the PFR of the conformation of the MHC class II:peptide complex. Evidence in favor of a direct interaction between the TCR and PFR comes from studies with peptide analogs and analysis of TCR V␤ usage. The data show that the majority of hybridomas dependent on PFRs would not tolerate any amino acid substitutions at these positions. In addition, all of the WWdependent hybridomas were dependent on W62 rather than W63, while the KK-dependent hybridomas displayed a mosaic of preferences for either residue. The Garbozi et al., 1996; Garcia et al., 1996) . Using data presented in V␤1 8 D -S Q V V S this study and elsewhere (Sant'Angelo et al., 1996) , a similar mode V␤20 E -K G H T A of TCR binding to MHC class II molecules is proposed. The dashed ovals represent the area covered by the V␣ CDR1 (␣1), CDR2 (␣2),
The TCR V␤ CDR1 amino acid sequences are depicted as described and CDR3 (␣3) loops, while the solid ovals represent the area covby Arden et al. (1995) . Only those V␤s that are expressed in B10.BR ered by the V␤ CDR1 (␤1), CDR2 (␤2), and CDR3 (␤3) loops. We mice are shown. propose that CDR1a interacts with the NH 2-terminal PFR, while CDR1␤ interacts with the COOH-terminal PFR.
is unlikely to be significant because of conservation of S50:T51 between ML and HEL (Figure 1 ). However, we former is presumably due to self-tolerance, since W63 is conserved between HEL and ML (Figure 1 ). It is diffisee no theoretical reason why recognition of NH2-terminal PFRs should not occur with other peptides. This cult to argue that such fine specificity could be mediated by PFR-induced alterations in MHC structure. Last, analnotion is supported by the work of Sant'Angelo and colleagues (1996) , who have suggested that the V␣ reysis of T cells from peptide-immunized mice showed that different PFRs elicited distinct patterns of TCR V␤ gion of an H-2A k -restricted TCR recognizes an amino acid in the NH 2 -terminal P2 position of the peptide (analusage. On the basis of these results, it is difficult to argue that the TCR does not directly recognize these ogous to Y53 in the HEL 48-63 peptide; Figure 1 ). Taking these findings together, we propose a generalized residues.
One of the most striking findings of this study was model for TCR recognition of any MHC class II:peptide complex in which the TCR V␣ CDR1 loop can bind to the influence of PFRs on TCR V␤ usage. While skewed TCR usage has been observed before, alteration of key NH2-terminal PFRs, while the TCR V␤ CDR1 loop can bind to COOH-terminal residues (Figure 7 ). TCR contact residues did not result in a substantial change in TCR V usage (Jorgensen et al., 1992) . HowIs there any correlation between PFR dependence and the amino acid composition of the selected V␤ CDR1 ever, in the present study we showed that peptides differing in PFRs elicited T cells expressing distinct TCR region? Although there does not appear to be any striking correlations comparable to those identified for V␤ elements. This suggests that the TCR V␤ domain directly interacts with PFRs. Recent studies have solved CDR3:peptide interactions (Jorgensen et al., 1992) , there are some intriguing parallels (Table 2) . First, the the structure of two TCR:peptide:MHC class I complexes and have shown that the TCR binds to MHC only TCR V␤ domain consistently selected by tryptophan PFR is V␤14. This is the only V␤ that has a serine molecules in a diagonal orientation, such that V␣ is positioned toward the NH 2 terminus of the peptide and V␤ at position 27, which is normally a relatively conserved histidine. This residue may be preferred because of its is positioned toward the COOH terminus (Garbozi et al., 1996; Garcia et al., 1996) . This structure confirmed small size and/or its ability to form hydrogen bonds with tryptophan. Second, four of five of the V␤ domains that functional studies that had previously proposed a diagonal pattern of TCR:MHC class I interaction (Sun et al., have an aspartic acid at position 28 are specifically expanded by the lysine PFR (V␤6, V␤8.1, V␤10, and V␤13). 1995). Our data and studies performed by Sant'Angelo and colleagues (1996) are consistent with these findings A salt bridge may therefore mediate this interaction. Third, four V␤ domains have aromatic amino acids at and suggest that a similar orientation may also apply to TCR:MHC class II complexes. Further extrapolation position 29. Two of these, V␤2 (W29) and V␤8.1 (Y29), are expanded by phenylalanine PFRs. A third, V␤16 from the TCR:peptide:MHC class I structures suggests that the V␣ CDR1 loop would be positioned over the (Y29), may be responsible for the large expansion of T cells in the group depicted as "other" in Figure 6A NH 2 -terminal PFR, while the V␤ CDR1 loop would be positioned over the COOH-terminal PFR (Garbozi et al., ("other" includes the five V␤s for which we do not have antibodies, i.e., V␤1, V␤15, V␤16, V␤18, and V␤20). De-1996; Garcia et al., 1996) . TCR recognition of NH 2 -terminal PFR was not analyzed in the present study, since it spite these notable correlations, exact determination of the structural basis for PFR dependence will require antagonists. In this regard, we have recently shown that HEL 48-61 can antagonize PFR-dependent hybridomas x-ray crystallography.
Can PFR recognition occur with any immunogenic stimulated with the agonist HEL 48-63 (R. T. C. and D. A. A. V., unpublished data). These observations differ epitope? While our study only analyzed a single epitope, the data show that different PFRs can mediate depenfrom previous studies in which key residues were substituted rather than deleted. Given that naturally processed dence and skew TCR V␤ usage. Furthermore, changing the immunodominant central peptide residue did not peptides can be generated from native HEL with or without the flanking tryptophan residues (Nelson et al., 1992 ; appear to alter significantly the influence of PFRs. Taking these data together, we believe that such recognition Vignali et al., 1993) , the potential consequence of PFR recognition on immunoregulation and peptide-based can occur with many immunogenic epitopes, unless self-tolerance suppresses such a response.
immunotherapy will need to be determined. Two observations are relevant to this issue. First, previous studies There is increasing interest in developing peptidebased vaccines to reduce the possibility of inducing have shown that differential processing of antigens may occur in different APCs or in different intracellular comautoimmunity against a host protein homologous to the immunogen or of inducing an inappropriate immune repartments (Moreno et al., 1991; Parra-Lopez et al., 1997) . Second, recent studies have established that endogesponse that may exacerbate rather than alleviate a disease (reviewed by Berzovsky, 1995; Nardin et al., 1995) .
nous altered peptide ligands can affect peripheral T cell responses (Vidal et al., 1996) . What are the possible implications of TCR recognition of PFRs on the immune response and vaccine developIn summary, we believe that the results from this study constitute compelling evidence that the TCR can directly ment? The data presented in this study suggest that TCR recognition of PFRs may significantly enhance peptide recognize PFRs and that such residues can be as crucial for TCR recognition as the central peptide residues. immunogenicity. The most important observation was that T cells from mice immunized with peptides conFurthermore, recognition of PFRs had a profound effect on TCR V␤ usage that was unique for different PFRs. taining PFRs exhibit a far stronger recall response to the native HEL protein. This issue is of particular imporFinally, PFRs appear to significantly enhance peptide immunogenicity, as was particularly evident from their tance for vaccine development, since infection with a pathogen will always result in exposure to the native effect on the recall response to the native HEL protein.
These findings establish the immunological significance form of the antigen. It is tempting to speculate that recognition of both NH2-and COOH-terminal PFRs could of PFRs and could have significant implications for immunoregulation, vaccine development, and peptidefurther potentiate the immune response. While this hypothesis is currently under investigation, our data imply based immunotherapy. that peptide-based vaccines are likely to be far more immunogenic with the inclusion of PFRs, assuming that
Experimental Procedures
the naturally processed antigen also includes such residues.
Generation of Murine T Cell Hybridomas
Peptide elution studies have shown that PFRs are a T cell hybridomas were produced essentially as described (Woodunique characteristic of MHC class II-bound peptides land et al., 1993) . In brief, B10.BR mice (Jackson Laboratories, Bar Harbor, ME) were immunized in the base of the tail with 10 nmol of (reviewed by . This feature could result containing PFRs gave rise to T cells expressing unique mM pyruvate, 100 M nonessential amino acids, 5 mM HEPES, TCR V␤ elements. While this is consistent with the idea 5.5 ϫ 10 Ϫ5 M 2-mercaptoethanol, 100 U/ml penicillin, 100 g/ml that TCR recognition of PFRs increases the size of the streptomycin; all from Gibco-BRL). After 3 days viable cells were separated over Lymphocyte Separation Medium (Organon Teknika, precursor T cell population, formal limiting dilution analDurham, NC) and cultured overnight (10 5 /ml) with 10 U/ml rIL-2. The ysis will be required to resolve this issue. Furthermore, following day, cells were fused with the T cell thymoma BW-TCR␣␤ Ϫ this underlying distinction between MHC class I and using PEG-1500, washed, and cloned by limiting dilution into 96-well class II-restricted responses clearly warrants further inmicrotiter plates. After 24 hr, hypoxanthine-aminopterin-thymidine vestigation.
(HAT) (Gibco-BRL) selection media was added to select for BW:T A number of studies have shown that substitution of cell hybridomas. Cells were expanded into 24-well plates under HAT selection and then into flasks with media containing hypoxanthinekey TCR contact residues can give rise to peptides that thymidine. A second fusion was performed using lymph node T cells antagonize (inhibit) the response to agonist (stimulatory)
from HEL 48-61KK-immunized mice as described above except peptides (Smilek et al., 1991; De Magistris et al., 1992;  that HEL 48-61KK and irradiated dendritic cells (3 ϫ 10 4 /ml) were Evavold et al., 1993; Jameson et al., 1993) . Given the used for the restimulation in vitro. Preliminary screening involved striking dependence on PFRs exhibited by the T cells analysis of CD3 and CD4 expression by flow cytometry and of IL-2 analyzed in our study, it is intriguing to question whether production in response to the immunogen and HEL where appropriate. Hybridomas that were less than 90% CD3 ϩ CD4 ϩ were cloned peptides lacking these residues could act as peptide by fluorescence-activated cell sorting (FACS) as previously de-MA), and cloned into pAlter (Promega, Madison, WI) for sequence verification. scribed (Vignali and Strominger, 1994b; Vignali et al., 1996) or enriched by panning with anti-CD4 (GK1.5).
Third, the HEL 48-61AA:H-2A k and HEL 48-L56A-63:H-2A k mutants were made using the Altered Sites mutagenesis kit essentially as described by the manufacturer (Promega). The construct proAntigen Presentation Assays duced in the previous step was used as the template for ssDNA. Assays were performed essentially as described elsewhere (Vignali The following primers were used: W62A:W63A, 5Ј CAG ATC AAC and Strominger, 1994b; Vignali et al., 1996) . In brief, T cell hybrido-AGC CGC GCA GCT GGA GGT GGA GGC 3Ј; and L56A, 5Ј GAC mas (5 ϫ 10 4 /well) were stimulated with LK35.2 or CH12. (Vignali et al., 1992) . Southborough, MA), verified by mass spectrometry, and quantified by amino acid analysis (Chiron Technologies or Harvard MicrochemFlow Cytometry istry Unit, Harvard University, Cambridge, MA). Supernatants (50 l) Analysis of T cell hybridomas for CD3 and CD4 expression was were removed after 24 hr for estimation of IL-2 secretion by culturing performed as described elsewhere (antibodies from Pharmingen, with the IL-2-dependent T cell line CTLL-2. Two types of assay were San Diego, CA) (Vignali and Strominger, 1994b; Vignali et al., 1996) . performed. In one, absolute IL-2 concentrations were quantified by TCR V␤ gene usage was initially determined by flow cytometry using titrating culture supernatants against a recombinant murine IL-2 a panel of monoclonal antibodies (details in Tomonari et al., 1989; standard (Genzyme) in 50 l of medium and culturing with 10 4 Deckhut et al., 1993; Cole et al., 1994; Daly et al., 1995 (Du Pont, Wilmington, DE) vided by M. Blackman, Immunology, SJCRH). for the final 6 hr of culture.
Reverse Transcription-PCR Analysis and Sequence Determination CAP Transfectants
APCs expressing H-2A k molecules containing a single CAP were Total RNA ‫01ف(‬ mg) was prepared from 10 6 T cells using STAT-60 (TEL-TEST, Friendswood, TX). To produce cDNA, 2 g of RNA and produced essentially as described by Kozono and colleagues (1994) . Three CAP constructs were produced by attaching the appropriate 0.2 g of oligo dT (Promega) in 10 l of diethyl pyrocarbonate (0.1%)-H 2 O was heated to 90ЊC for 2 min, cooled slowly to 50ЊC, and placed HEL peptide sequence to the 5Ј end of the H-2A k ␤ chain using recombinant PCR. They are referred to as HEL.48-63.CAP, HEL.48-in ice. RNA was reverse transcribed at 42ЊC for 60 min in the presence of 1.2 l of SuperScript II RT (Gibro-BRL), 4 l of Superscript 61AA.CAP, and HEL.48-L56A-63.CAP. These were constructed in three stages.
II RT buffer, 2 l of DTT, 2 l of dNTP (10 mM), and 0.8 l of RNasin (Promega). The cDNA was heated to 70ЊC for 5 min and H 2O added First, three fragments containing overlapping sequences were created: (1) H-2A k ␤ signal peptide and the first three residues of the to 100 l. PCR reactions were performed by using 5 l of cDNA, 2 l of dNTP (10 mM), 25 pmol of each primer, Taq buffer, and 4 U mature protein, produced by PCR using an H-2A k ␤ chain cDNA as template (kindly provided by R. N. Germain, National Institutes of of Taq DNA polymerase (Perkin-Elmer, Branchburg, NJ). The PCR primers were optimized using VectorNTI (InforMax, Gaithersburg, Health, Bethesda, MD): DV59e forward primer, Asp718-5Ј CCC GGT ACC ATG GCT CTG CAG ATC CCC AGC 3Ј, and DV59b reverse MD), as follows. Forward primers: V␣1-5Ј GCA GCA GAG CCC AGA ATC CCT C 3Ј; V␣2-5Ј GCA GGT GAG ACA AAG TCC CCA primer, 5Ј TCC GTA GTC GGT ACT CCC ATC GGA GTT TCC GCC CTC AGT 3Ј; (2) HEL 48-63 plus the linker originally described (Ko-ATC T 3Ј; V␣3-5Ј GGA GAC CCA GTG GTT CAA GGA GTG A 3Ј; V␣4A-5Ј GAA GCA GCA GAG GTT TTG AAG CTA CAT A 3Ј or zono et al., 1994) (DGSTDYGILQINSRWWGGGGSLVPRGSGGGGS) generated by annealing two oligonucleotides: DV53a, 5Ј GAT CGA V␣4B-5Ј CAG CAG AGG GTT TGA AGC CAC ATA 3Ј; V␣5-5Ј GTG GAG CAG CGC CCT CCT C 3Ј; V␣6-5Ј TGT AGC CAC GCC ACA TGG GAG TAC CGA CTA CGG AAT CCT ACA GAT CAA CAG CCG CTG GTG GGG AGG TGG AGG CTC ACT AGT GCC CCG AGG CTC ATC AGT GG 3Ј; V␣7-5Ј GCC GAG AAA GTG ATT CAG GTC TGG 3Ј; V␣8-5Ј GGA GCT TCA CAG ACA ACA AGA GGA CC 3Ј or TGG AGG TGG AGG CTC C 3Ј, and DV53b, 5Ј CAT GGG AGC CTC CAC CTC CAG AGC CTC GGG GCA CTA GTG AGC CTC CAC CTC V␣8S-5Ј CCT GTG AAG CTG AAC TGC ACC TAT CAG 3Ј; V␣9-5Ј GAG CCT CCA GTT TCT CCT CAA ATA CAT C 3Ј; V␣10-5Ј AGT CCC ACC AGC GGC TGT TGA TCT GTA GGA TTC CGT AGT CGG TAC TCC CAT C 3Ј. This was used as a template for PCR: DV59a CCC GCG TCC TTG GTT CTG 3Ј; V␣11 -5Ј TCA GGA ACA AAG GAG AAT GGG AGG 3Ј; V␣12-5Ј TGG TAC CGA CAG GTT CCC forward primer, 5Ј ACT GAG GGC GGA AAC TCC GAT GGG AGT ACC GAC TAC GGA 3Ј; and DV59d reverse primer, 5Ј GGA GGT CAC C 3Ј; V␣13-5Ј GCA GGT GGA GCA GCT TCC TTC C 3Ј; V␣14-5Ј GGC AAA GGT CTT GTG TCC CTG ACA G 3Ј; V␣15-5Ј GGA GGC TCC GAA AGG CAT TTC GTG CAC 3Ј; (3) H-2A k ␤ chain from residue 4 to the stop codon, produced by PCR using an H-2A k ␤ GGA GAG AAG GTC GAG CAA CAC GAG 3Ј; V␣16-5Ј GAA CTT GGT GAG TGG TCA AGC AAA CAC 3Ј; V␣17-5Ј GTG ACA ATG chain cDNA as template: DV59c forward primer, 5Ј TCT GGA GGT GGA GGC TCC GAA AGG CAT TTC GTG CAC TCT 3Ј, and DV59f GAC TGT GTG TAT GAA ACC C 3Ј; V␣18-5Ј TCA GAG CCA CCC TTG ACA CCT CC 3Ј; V␣19-5Ј ATT TCT CCA CTT TCC TGA GCC reverse primer, BamHI-5Ј CGC GGA TCC TCA CTG CAG GAG CCC TGC TGG 3Ј. PCR conditions were as follows: 95ЊC for 60 s, for 1 GC 3Ј; and V␣20 -5Ј TGC CTG GTA CAA AAA ATA CCC TGA CAA C 3Ј. Reverse primers: J␣26-5Ј GTG CCA AGA CCG AAG GTT AAT cycle; 94ЊC for 30 s, 45ЊC for 60 s, and 72ЊC for 90 s, for 2 cycles; 94ЊC for 30 s, 50ЊC for 30 s, and 72ЊC for 90 s, for 30 cycles; and CCC 3Ј; CaA-5Ј GTC GGT GAA CAG GCA GAG GGT G 3Ј (melting temperature 59.2-61.8; V␣ sequences can be found in Arden et al., 72ЊC for 3 min, for 1 cycle. PCR products were gel purified.
Second, recombinant PCR was performed in two steps using an 1995). All oligonucleotides were synthesized by the CBT facility at SJCRH. The following conditions were used for the PCR: 95ЊC for equimolar amount of each fragment as the template. Fragments 1 and 2 were joined using DV59e and DV59d, and then this product 60 s, for 1 cycle; 94ЊC for 30 s, 50ЊC for 30 s, 72ЊC for 60 s, for 35 cycles; and 72ЊC for 3 min, for 1 cycle. was added to fragment 3 and the construct completed using DV59e and DV59f as primers. The PCR product was then cut with Asp718
The TCR V␣ subfamily and VDJ junction were determined by sequence analysis. PCR fragments were cloned into pCR2.1 using (Boehringer Mannheim, Indianapolis, IN) and BamHI (NEB, Beverly, the TA cloning kit (Invitrogen, Carlsbad, CA). DNA sequencing was
The percentage of reactivated cells expressing specific V␤ elements as shown in Figure 6A was then determined using the followperformed by the CBT at SJCRH using PE-ABD PRISM dye primer chemistry and a PE-ABD PRISM 377 automated DNA sequencer.
ing equation: Sequence alignment and verification was performed using the GCG Wisconsin Package V8.1 (Genetics Computer Group, Madison WI) running on a DEC Alpha Server 8200.
ϫ 100 TCR V␤ usage of hybridomas that were negative by flow cytometry was determined by reverse transcription-PCR. The V␤1, V␤15, V␤16, V␤18, and V␤20 primers and protocol are described elsewhere (Cole Data presented in Figure 6B , in which T cells were reactivated et al., 1994) .
with either the immunogen or HEL-48-61, were determined using the following equation: T Cell Proliferation Assay B10.BR mice (Jackson Laboratories) were immunized with 10 nmol of either HEL, HEL 48-63, or HEL 48-61 as described above (see Generation of Murine T Cell Hybridomas). After 10 days, lymph node
ϫ 100 cells (5 ϫ 10 5 /well) were removed and cultured in 96-well flat-bottom plates in complete S-MEM with 5% FCS for 3 days. Lymph node cells from individual mice were stimulated with HEL peptides or where immunogen-reactiv ϭ T cells reactivated with the immunoprotein and proliferation measured by pulsing with [ Preparation of Dendritic Cells Acknowledgments Spleens were removed from B10.BR mice (Jackson Laboratories), diced into small pieces with scissors, and suspended in S-MEM ϩ
We are very grateful to Marcia Blackman for anti-TCR antibodies, 5% FCS, 1500 U/ml Collagenase Type III (Worthington, Freehold, R. N. Germain for plasmids, Sherri Surman for performance of the NJ) and 300 U/ml DNase I (Sigma), 4 ml per spleen. After 1 hr of hybridoma fusions and initial TCR V␣ analysis, Lolita Harris for initial gentle shaking at 37ЊC, the digested spleens were teased through characterization of the hybridomas, Haiyan Liu and Lisa (Lu Zheng) a 70 m sieve and erythrocytes lysed using Gey's solution (8.3 g/L Liu for assistance with TCR V␣ analysis, Duyen Nguyen for technical NH 4 Cl, 1 g/L KHCO 3 ; Sigma). Cells were then plated out on 10 cm assistance, and our colleagues in CBT for DNA sequencing and tissue culture-treated Petri dishes (1.5 ϫ 10 8 cells in 15 ml S-MEM ϩ oligonucleotide synthesis. We also thank Roseann Lambert and 5% FCS per plate) and incubated overnight. Received April 4, 1997; revised July 11, 1997. T Cell Activation and TCR V␤ Usage Assay B10.BR mice were immunized at the base of the tail with 10 nmol References of peptide (2 ϫ 50 l of 100 M) in complete Freund's adjuvant. After 8 days, CD4 ϩ inguinal and periaortic lymph node T cells were Allen, P.M., Strydom, D.J., and Unanue, E.R. (1984) . Processing of isolated and enriched by panning with the following: 53.6.7, 19.178, lysozyme by macrophages: identification of the determinant recogand 2.43 (anti-mCD8); RA3.6B1/2 (anti-B220); and anti-MHC class nized by two T-cell hybridomas. Proc. Natl. Acad. Sci. USA 81, II antibodies P7/7 (anti-H-2A/E), 10.2.16 and H116-32 (anti-H-2A k ), 2489-2493. and 14.4.4 and 17.3.3S (anti-H-2E k ). Cells (5 ϫ 10 6 /ml) were stimuAllen, P.M., Matsueda, G.R., Haber, E., and Unanue, E.R. (1985) . lated with the immunizing peptide at 3 mM and irradiated dendritic/ Specificity of the T cell receptor: two different determinants are B cells (3 ϫ 10 5 /ml) in 24-well plates with 1 ml of media. After 24 generated by the same peptide and the I-A k molecule. J. Immunol. hr, 20 units of IL-2 in 1 ml of media was added. On day 3, wells 135, 368-373. were expanded 3-fold and given IL-2 (10 units/ml). After 11 days, Allen, P.M., Matsueda, G.R., Evans, R.J., Dunbar, J.B., Marshall, viable T cells were separated over Lymphocyte Separation Medium G.R., and Unanue, E.R. (1987) . Identification of the T-cell and Ia (Organon Teknika) and reactivated with one-tenth the number of contact residues of a T-cell antigenic epitope. Nature 327, 713-715. irradiated dendritic cells and 1 M peptide in 96-well round-bottom Arden, B., Clark, S.P., Kabelitz, D., and Mak, T.W. (1995) . Mouse plates. The following day cells were first stained with a panel of T-cell receptor variable gene segment families. Immunogenetics 42, biotinylated TCR V␤ domain-specific antibodies (see Flow Cytome-501-530. try, above), followed by Neutralite Avidin-PE (Southern Biotech., Birmingham, AL), anti-mCD25.FITC (IL-2R␣), and anti-mCD4. CyBerzovsky, J.A. (1995) . Designing peptide vaccines to broaden recChrome (Pharmingen). Flow cytometric data were collected using a ognition and enhance potency. Ann. NY Acad. Sci. 754, 161-168. FACScan (Becton Dickinson Immunocytometry Systems, San Jose, Brown, J.H., Jardetzky, T.S., Gorga, J.C., Stern, L.J., Urban, R.G., CA).
Strominger, J.L., and Wiley, D.C. (1993). Three-dimensional structure The percentage of reactivated CD4 ϩ T cells was determined by of the human class II histocompatibility antigen HLA-DR1. Nature expression of the CD25 activation marker. The percentage of reacti-364, 33-39. vated cells shown in Figure 5B was determined using the following Chicz, R.M., Urban, R.G., Lane, W.S., Gorga, J.C., Stern, L.J., Vignali, equation: D.A.A., and Strominger, J.L. (1992) . Predominant naturally processed peptides bound to HLA-DR1 are derived from MHC-related 
